Utilizing plant-based materials as a biofuel source is an increasingly popular attempt to redesign the global energy cycle. This endeavour underlines the potential of cellulase enzymes for green energy production and requires the structural and functional engineering of natural enzymes to enhance their utilization. In this work, we aimed to engineer enzymatic and functional properties of Endoglucanase I (EGI) by swapping the Ala43-Gly83 region of Cellobiohydrolase I (CBHI) from Trichoderma reesei. Herein, we report the enhanced enzymatic activity and improved thermal stability of the engineered enzyme, called EGI_swapped, compared to EGI. The difference in the enzymatic activity profile of EGI_swapped and the EGI enzymes became more pronounced upon increasing metal-ion concentrations in the reaction media. Notably, the engineered enzyme retained a considerable level of enzymatic activity after thermal incubation for 90 min at 70 • C while EGI completely lost its enzymatic activity. Circular Dichroism spectroscopy studies revealed distinctive conformational and thermal susceptibility differences between EGI_swapped and EGI enzymes, confirming the improved structural integrity of the swapped enzyme. This study highlights the importance of swapping the metal-ion coordination region in the engineering of EGI enzyme for enhanced structural and thermal stability.
Introduction
Lignocellulose is considered the most abundant and sustainable energy resource in the world [1, 2] . Due to the growing demand on green alternative energy sources, a substantial global effort is being exerted to redesign the global carbon cycle [3] in an effort to provide sustainabile fuels from plant-based cellulosic materials [4] . Plant-based cellulosic materials as a biofuel resource offer significant advantages over fossil fuel sources, e.g., decreasing global emission, providing a long-term rural development [5, 6] , the particular challenges still have to be surmounted in the deconstruction processes of cellulose to cellulosic biomass. The naturally endowed complexity of cellulose requires the synergistic action of cellulase enzymes for the effective breaking down of cellulosic biomass [7, 8] . Apart from efforts in different pre-treatment techniques for a more efficient breaking down of cellulose, researchers focused on the development of new cellulase enzymes with improved efficiency via protein engineering [9, 10] .
In protein engineering, the combinations of experimental and computational methods are frequently employed to study the structure-function relationships of enzymes and to reveal the impacts of structural variations on their stability. Domain swapping is one of the prominent tools in the protein engineering arsenal that aims to provide the alterations on the scaffold of proteins for attaining the improvements in existing catalytic and enzymatic activities [11] . So far, numerous studies were reported on domain swapping (DS), ranging from cysteine proteinase inhibitors [12] , exploring SH2 and SH3 domains [13] , L-histidonol dehydrogenase proteins [14] , and prion proteins [15] .
Naturally occurring cellulase enzymes usually underperform in biotechnological and industrial applications, and hence this limitation intrigues researchers to develop new cellulase enzymes that can efficiently perform under less restricted conditions [16] . Understanding the molecular basis of how enzymes maintain their stability at harsh conditions is a recurring topic biochemistry [17] . Thermostability could be affected by numerous factors; e.g., hydrogen bond networks, hydrophobic and packing interactions, and charge clusters [18] . The presence of metal ions could directly alter thermostability [18] [19] [20] via the enhancement of hydrogen networking and packing interactions with the aliphatic residues' tendency to interact with metal ions via unpaired electrons [21] .
The aim of this study is to create a suitable environment for metal-ion coordination in EGI enzyme via swapping a region from CBHI enzyme, being isolated from Trichoderma reseei [22, 23] . The findings indicate that swapping the metal-ion coordination region from the CBHI enhanced structural integrity and resulted in a novel endoglucanase enzyme, EGI_swapped, which displayed unique structural and functional properties and is a promising catalyst candidate for industrial applications. To the best of our knowledge, the work presented here is the first study in terms of engineering the structural and functional properties of an EGI enzyme from Trichoderma reesei via swapping in the literature.
Results & Discussion

Construction of EGI_Swapped and Cloning Approach
In this study, we aim to alter the existing structural features of EGI enzyme via domain swapping from CBHI enzyme. These enzymes are both isolated from Trichoderma reesei by sharing the certain level of structural similarity but differentiated in the mode of action ( Figure S1 ). First, we perform the structural alignment between EGI and CBHI (PDB id: 1EG1 and 1DY4) to find appropriate regions for domain swapping. We find that choosing the Ala43-Gly83 region (CBHI numbering) is promising due to its closeness to the Co 2+ metal ion in the crystal structure of CBHI, which does not exist in the crystal structure of EGI [24] (see Figure S2 ). Among many metal ions, Co 2+ ion is reported as a cellulase activator [25] .
In the crystal structure of CBHI, two Co 2+ ions are reported as one is linked to His206 and Glu239, and another one is linked to Glu295 and Glu325. We just focused on a Co 2+ ion linked to His206 and Glu239 [24] , based on the structural alignment results. Around this particular Co 2+ ion, there is a network of negatively charged and polar residues [24] , e.g., Asp63, Asn64, and Glu65, which can provide support for the coordination of Co 2+ . Before deciding on a swapped region, we measure the distances of the OD1 atom of Asp63, ND2 atom of Asn64 and OE2 atom of Glu65 to Co 2+ ion, in CBHI, as~5.6 Å,~11 Å, and~9 Å, respectively. Even these distances are out of range for minimum direct metal-ion binding to residues (Asp/Glu) [26] , yet these residues are in the range of coordination as they are close enough to create a "high hydrophobicity" contrast [26, 27] . Mainly, metal ions are classified into three according to their polarizability; (i) hard, (ii) soft, and (iii) borderline. Hard means a "low-polarizability" atom or ion that is deformed only by difficulty, and soft means a "high-polarizability" atom or ion that is easily deformed [27, 28] . The Co 2+ ion is reported as borderline based on its polarizability. Due to the nature of not being easily deformed, these particular distances would be enough to keep Co 2+ ion in true geometry with His residue [28, 29] .
Specifically, a fixed aromatic residue or negatively charged one provides an appropriate environment for effective metal ion binding by creating new H-bond networking or contributing to the existing one in advance [21] . Hence, swapping of Ala43-Gly83 region of CBHI to EGI has satisfied these constraints by covering the residues of Asp63 to Glu65, close to fixed Histidine in EGI's location in order to create a favorable neighbour pocket for Co 2+ ion coordination. With Ala to Glu replacement 64 th position (EGI numbering) upon swapping, this favorable environment has been also supported in EGI_swapped for Co 2+ ion coordination, in terms of donating more electrons and thus creating an advanced H-bond network, with respect to its native counterpart (see Figure S3) . In Figure 1 , the domain swapping is described by indicating Co-linked His and Glu residues.
Stahlberg et al. reported that divalent metal ions, as Ni 2+ , Co 2+ , Ca 2+ , Mn 2+ , and Mg 2+ , seem to be required by crystallization [24] . There are several CBHI structures containing the different ions, e.g., Sm 3+ and Gd 3+ , than divalent ones [30, 31] . Before deciding on the swapped region for Co 2+ coordination, the crystal structures displaying more than 95% sequence similarity and also the high level of structural similarity within our reference structure (CBHI enzyme) are carefully examined. Among 26 reported crystal structures, only 7 ones contain different metal ions than Co 2+ , e.g., Sm 3+ in PDB id: 4P1H, Gd 3+ in PDB id: 5TC9, and Ca 2+ in PDB id: 1CEL, 2CEL, 3CEL and 4CEL [30] [31] [32] [33] . To make a true decision for swapping, we also perform the structural alignments between EGI (PDB id: 1EG1) with them. These alignment results suggest that the ion coordination regions of CBHI's structures are not well aligned in EGI's structure with the existence of structural breaks, and thus they are not suitable to perform swapping ( Figure S4 ). Actually, Ca 2+ , Gd 3+ , and Sm 3+ ions are coordinated by CBHI in the region, covering Glu295 and Glu325, as similar to another Co 2+ ion in our reference CBHI enzyme. This particular region is too far from our swapped-region, Ala43-Gly83, as displayed in Figure S4 .
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It is stated in the literature that tunnel forming loops existed in the structure of CBHI is not observed in EGI [24, 35] due to the loss of particular genes via horizontal gene transfer during the evolutionary process [36] . Even a certain level of structural similarity has been preserved between Figure 1 . The rationality of the swapping approach. The crystal structures of CBHI (PDB id: 1DY4) and EGI (PDB id: 1EG1) are drawn by colouring the swapped-domain in red. The catalytic residues of CBHI, Glu212, Asp214 and Glu217, and EGI, Glu196, Asp198 and Glu201, are depicted in 'licorice' format and coloured as 'green'. The His206 and Glu239 residues directly linked to Co 2+ in CBHI's structure is drawn in 'licorice' format and colored as 'yellow'. To perform distance measurement and visualization of the structure, the Visual molecular dynamic is used [34] .
It is stated in the literature that tunnel forming loops existed in the structure of CBHI is not observed in EGI [24, 35] due to the loss of particular genes via horizontal gene transfer during the evolutionary process [36] . Even a certain level of structural similarity has been preserved between the two, this particular gene loss results in the differentiation in their mode of action as depicted in Figure S1 . Instead of swapping just a few residues in close contact, the swapping of the whole region eliminates the possibility of generation of the low-or non-functional enzyme due to misfolding or unfolding ( Figure S2 ). Further, this swapped region is rich, for Gly content that provides additional conformational flexibility in the swapped enzyme to adopt Co 2+ coordination ( Figure S3 ).
Before transforming the swapped gene into P.pastoris expression vector, the positive clones were double-checked by EcoR I single digestion ( Figure S5a,b) . As displayed in Figure S3 , there is a high level of similarity and identity between EGI_swapped and EGI enzymes, 94.3% and 96.4% respectively. In parallel to prediction (Table S1 ), the molecular weight of the swapped enzyme is reported around 50 kDa, including a 6xHis tag in the expression vector used for the purification step, see Figure S6 .
Enzymatic Activities
First, we find the optimal pH-buffer combinations for both EGI_swapped and EGI enzymes. The optimal pH-buffer combination is found by scanning pH 4-5 and pH 6-7 ranges in 50 mM sodium acetate and potassium phosphate buffers toward 0.5% w/v CMC at 50 • C for 3 h, respectively. For EGI_swapped and EGI enzymes, the highest enzymatic activity is recorded at 50 mM sodium acetate buffer pH 4.7 as in line with the reported PI value (Table S1 ). Then, the rest of all enzyme activity and thermal stability tests are performed in 50 mM sodium acetate pH 4.7 buffer. Just for the circular dichroism (CD) spectroscopy measurement, the concentration of buffer is decreased to 20 mM at pH 4.7.
As depicted in Figure 1 , the swapped region is not close to the catalytic triad. This particular distance from the swapped region to the catalytic triad creates an expectation that alterations in enzyme activity are most probably due to a change in the thermal stability of EGI_swapped. Among 1 h results, the first notable difference in enzymatic activities is captured at the highest temperature, 50 • C (see Figure S9 ). Upon extending the reaction time to 3 h, the notable difference is again recorded at 50 • C (Figure 2) . Indeed, the difference in activities of EGI and EGI_swapped become more visible, around~20% difference, at 6 h ( Figure 2 ). These results point out the alterations in thermal stability of EGI_swapped with respect to the EGI enzyme.
Catalysts 2019, 9, x FOR PEER REVIEW 4 of 18 the two, this particular gene loss results in the differentiation in their mode of action as depicted in Figure S1 . Instead of swapping just a few residues in close contact, the swapping of the whole region eliminates the possibility of generation of the low-or non-functional enzyme due to misfolding or unfolding ( Figure S2 ). Further, this swapped region is rich, for Gly content that provides additional conformational flexibility in the swapped enzyme to adopt Co 2+ coordination ( Figure S3 ). Before transforming the swapped gene into P.pastoris expression vector, the positive clones were double-checked by EcoR I single digestion ( Figure S5a and S5b). As displayed in Figure S3 , there is a high level of similarity and identity between EGI_swapped and EGI enzymes, 94.3% and 96.4% respectively. In parallel to prediction (Table S1 ), the molecular weight of the swapped enzyme is reported around ~50 kDa, including a 6xHis tag in the expression vector used for the purification step, see Figure S6 .
Enzymatic activities
First, we find the optimal pH-buffer combinations for both EGI_swapped and EGI enzymes. The optimal pH-buffer combination is found by scanning pH 4-5 and pH 6-7 ranges in 50 mM sodium acetate and potassium phosphate buffers toward 0.5% w/v CMC at 50 °C for 3 h, respectively. For EGI_swapped and EGI enzymes, the highest enzymatic activity is recorded at 50 mM sodium acetate buffer pH 4.7 as in line with the reported PI value (Table S1 ). Then, the rest of all enzyme activity and thermal stability tests are performed in 50 mM sodium acetate pH 4.7 buffer. Just for the circular dichroism (CD) spectroscopy measurement, the concentration of buffer is decreased to 20 mM at pH 4.7.
As depicted in Figure 1 , the swapped region is not close to the catalytic triad. This particular distance from the swapped region to the catalytic triad creates an expectation that alterations in enzyme activity are most probably due to a change in the thermal stability of EGI_swapped. Among 1 h results, the first notable difference in enzymatic activities is captured at the highest temperature, 50 °C (see Figure S9 ). Upon extending the reaction time to 3 h, the notable difference is again recorded at 50 °C ( Figure 2) . Indeed, the difference in activities of EGI and EGI_swapped become more visible, around ~20% difference, at 6 h ( Figure 2 ). These results point out the alterations in thermal stability of EGI_swapped with respect to the EGI enzyme. Moreover, we aim to investigate either there is any impact of Co 2+ addition on enzymatic activities of EGI and EGI_swapped, or not. To reveal this, we performed activity tests on enzymes toward 0.5% w/v CMC by following two paths; (i) pre-incubating enzymes with Co 2+ ( Figure 3 ) and (ii)
pre-incubating CMC with Co 2+ ( Figure S7 ) prior to the hydrolysis reaction. We report that the relative activities of EGI are 48% without any Co 2+ , and 47% for 0.05 mM and 0.1 mM Co 2+ ion additions. As Co 2+ ion addition increases to 0.2 mM and 0.5 mM, its enzymatic activity dramatically decreases to 28% and 24%, respectively. This particular trend could be explained as the accumulated Co 2+ ions randomly bind to the tertiary structure of EGI due to the lack of a favorable environment for ion binding. This result is in line with the literature search that there is no reported crystal structure in PDB, displaying more than a 70% sequence similarity with EGI (PDB id: 1EG1) to be considered as a homolog, with the presence of Co 2+ or any relevant metal ions [35] . Moreover, we aim to investigate either there is any impact of Co 2+ addition on enzymatic activities of EGI and EGI_swapped, or not. To reveal this, we performed activity tests on enzymes toward 0.5% w/v CMC by following two paths; (i) pre-incubating enzymes with Co 2+ ( Figure 3 ) and (ii) pre-incubating CMC with Co 2+ ( Figure S7 ) prior to the hydrolysis reaction. We report that the relative activities of EGI are 48% without any Co 2+ , and 47% for 0.05 mM and 0.1 mM Co 2+ ion additions. As Co 2+ ion addition increases to 0.2 mM and 0.5 mM, its enzymatic activity dramatically decreases to 28% and 24%, respectively. This particular trend could be explained as the accumulated Co 2+ ions randomly bind to the tertiary structure of EGI due to the lack of a favorable environment for ion binding. This result is in line with the literature search that there is no reported crystal structure in PDB, displaying more than a 70% sequence similarity with EGI (PDB id: 1EG1) to be considered as a homolog, with the presence of Co 2+ or any relevant metal ions [35] .
For EGI_swapped, we report that the relative activities of EGI_swapped are 58% without any Co 2+ , 63% with 0.05 mM Co 2+ and 69% with 0.1 mM Co 2+ ( Figure 3 ). The most notable result is recorded as 92% with 0.2 mM and 77% with 0.5 mM Co 2+ ion concentrations ( Figure 3 ). Herein, we conclude that Co 2+ ion is coordinated better in EGI_swapped with 0.2 mM concentration. Due to the addition of more Co 2+ ion, its enzymatic activity decreases to 77% but still it is better than the enzymatic activity of EGI_swapped with no Co 2+ ion addition, at 57%. When we compare the enzymatic activities of EGI_swapped with respect to native, Co 2+ ion coordination is significantly different in EGI_swapped with a p-value smaller than 0.001 for 0.2 mM and 0.5 mM Co 2+ ion concentrations, see Figure 3 .
As previously stated, two different paths [(i) and (ii)] are followed to investigate whether Co 2+ ions inhibit enzymatic activity by binding to alternative sites in their tertiary structure or if they occupy any side of the CMC, long polymeric chain, to prevent the proper attack of enzymes to CMC. Based on the results of path (ii) in Figure S7 , we conclude that Co 2+ ion incubating with CMC does Figure 3 . The effects of Co 2+ -ion pre-incubation with enzymes prior to hydrolysis reaction on their enzymatic activity profiles. Through enzyme assays toward 0.5% w/v CMC, the impacts of Co 2+ ion pre-incubation with enzymes were investigated for different Co 2+ ion concentrations, 0 mM, 0.05 mM, 0.1 mM, 0.2 mM and 0.5 mM, in final. The highest data among all activity tests, EGI_swapped at 50 • C for 6 h, is taken as 100% to calculate the rest. Data are express as mean ± SD, n = 3. To indicate the significant differences in enzymatic activities of EGI and EGI_swapped enzymes, p-value smaller than 0.001 are indicated with '***' on plots.
For EGI_swapped, we report that the relative activities of EGI_swapped are 58% without any Co 2+ , 63% with 0.05 mM Co 2+ and 69% with 0.1 mM Co 2+ (Figure 3 ). The most notable result is recorded as 92% with 0.2 mM and 77% with 0.5 mM Co 2+ ion concentrations (Figure 3) . Herein, we conclude that Co 2+ ion is coordinated better in EGI_swapped with 0.2 mM concentration. Due to the addition of more Co 2+ ion, its enzymatic activity decreases to 77% but still it is better than the enzymatic activity of EGI_swapped with no Co 2+ ion addition, at 57%. When we compare the enzymatic activities of EGI_swapped with respect to native, Co 2+ ion coordination is significantly different in EGI_swapped with a p-value smaller than 0.001 for 0.2 mM and 0.5 mM Co 2+ ion concentrations, see Figure 3 .
As previously stated, two different paths [(i) and (ii)] are followed to investigate whether Co 2+ ions inhibit enzymatic activity by binding to alternative sites in their tertiary structure or if they occupy any side of the CMC, long polymeric chain, to prevent the proper attack of enzymes to CMC. Based on the results of path (ii) in Figure S7 , we conclude that Co 2+ ion incubating with CMC does not alter the results.
Thermal Stabilities of EGI and EGI_Swapped
Thermal stabilities of EGI and EGI_swapped enzymes are evaluated by measuring their remaining activities toward 0.5% w/v CMC at 30 • C for 1 h after subjecting them to thermal incubation at 30-70 • C/10 • C for 30 min, 60 min, and 90 min. An enzymatic activity without any thermal incubation 30 • C for 1 h is taken as a reference, 100%, to calculate the rest. In parallel to the enzymatic activity profile in Figure 2 , the notable differences in enzymatic activities are captured upon the increase in incubation temperature and extension in incubation time.
As displayed in Figure 4 , the first notable difference among 30 min incubation results is reported at 70 • C, e.g., EGI_swapped displays~1.5-fold better activity than EGI. Among 60 min incubation results, the notable differences are at 60 • C and 70 • C, e.g., EGI_swapped displays~1.6-fold and~2.8-fold higher activity than EGI at 60 • C and 70 • C, respectively. Upon extending the incubation time to 90 min, 1.8-fold at 50 • C and~2-fold at 60 • C higher enzymatic activities are reported for EGI_swapped with respect to EGI. Among all data sets, the most striking thermal stability result is reported for 90 min thermal incubation at 70 • C. Notably, swapped enzyme still shows enzymatic activity after thermal incubation for 90 min at 70 • C, e.g., 14% relative activity, while the enzymatic activity of EGI is completely lost. These thermal stability assay results together with the enzyme activity assay results performed with and without Co 2+ ions (Figures 2 and 3 ) prove to us that EGI_swapped is a more promising catalyst than its native counterpart by meeting the demands of the harsh conditions of biotechnological application.
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The thermal stability of the enzyme is controlled by numerous factors; e.g., hydrogen bond networks, hydrophobic and packing interactions, and charge clusters [18] . It is stated for metal ions that they can provide a geometrically defined scaffold, evolving into the reorganization of the local interactions [26] . In some cases, this defined scaffold can modulate the active site of enzymes through long-range interactions to some extent that are dependent on the position of metal in the protein, its interaction with solvent, and the accessibility of counter-ions, etc. [26] Based on the findings in Figure  4 , we could conclude that swapping the Ala43-Gly83 region of CBHI to EGI has resulted in an alteration to the enzyme's structure; e.g,. the enhancement of hydrogen networking and packing interactions, [18] [19] [20] . Hence, we evidently end up with a novel endoglucanase enzyme and displayed altered thermal stability with respect to its native counterpart. The existence of local reorganizations are expected in proteins' scaffold upon the metal ion binding [26] . Consequently, observing the significant differences in thermal stabilities of EGI_swapped and EGI would imply the existence of these local reorganizations in the scaffold of EGI_swapped. The thermal stability of the enzyme is controlled by numerous factors; e.g., hydrogen bond networks, hydrophobic and packing interactions, and charge clusters [18] . It is stated for metal ions that they can provide a geometrically defined scaffold, evolving into the reorganization of the local interactions [26] . In some cases, this defined scaffold can modulate the active site of enzymes through long-range interactions to some extent that are dependent on the position of metal in the protein, its interaction with solvent, and the accessibility of counter-ions, etc. [26] Based on the findings in Figure 4 , we could conclude that swapping the Ala43-Gly83 region of CBHI to EGI has resulted in an alteration to the enzyme's structure; e.g., the enhancement of hydrogen networking and packing interactions, [18] [19] [20] . Hence, we evidently end up with a novel endoglucanase enzyme and displayed altered thermal stability with respect to its native counterpart. The existence of local reorganizations are expected in proteins' scaffold upon the metal ion binding [26] . Consequently, observing the significant differences in thermal stabilities of EGI_swapped and EGI would imply the existence of these local reorganizations in the scaffold of EGI_swapped.
Analysis of Coordinated Co 2+ Ions in the Structures of EGI and EGI_Swapped Enzymes
As already demonstrated, EGI_swapped displays altered enzymatic activity and thermal stability with respect to its native counterpart, see Figures 2-4 . These findings strongly suggest that the favorable environment for Co 2+ ion coordination is created in EGI_swapped but still additional findings are required for further demonstrations. We perform ICP-OES measurements with EGI_swapped and EGI enzymes. Immediately after 20 min heat denaturation of EGI_swapped and EGI_swapped at 95 • C, the amount of released Co 2+ ion is measured as 2.2 µM and 8 µM in EGI_swapped and EGI enzymes, respectively. Herein,~3.6-fold stronger Co 2+ ion coordination in EGI_swapped with respect to EGI could be accounted as another strong implication for the existence of Co 2+ ion coordination in the EGI_swapped enzyme. In ICP-OES analysis, we detected a minute amount of Co 2+ ions in expression buffer and thus free Co 2+ ions alternatively bind to EGI's structure and they are released upon heating at 95 • C.
Stahlberg et al. suggested that divalent metal ions are required for the crystallization of the CBHI (PDB id: 1DY4) enzyme [24] . This suggestion seems to be suffered since there are several CBHI structures in literature that are crystallized with metal ion different than divalent ones; e.g., 4P1H and 5TC9 with Sm 3+ and Gd 3+ [30] [31] [32] [33] (see Figure S4 ). It has been already suggested in the literature that there is a selective binding mode of metal ions to proteins, and it is controlled by several factors, e.g., metal ion radii, number of unpaired electrons, coordination number and preferred coordination geometry of metal ion, the availability of His, and Glu and Asp residues in proteins' structure, etc. [27] . With the well-combination of all these factors, proteins bind to one appropriate metal ion much more tightly than others [26] . To investigate whether EGI_swapped displays any specific binding to other divalent atoms (Ca 2+ , Mg 2+ , and Zn 2+ ) or not, we measured the amount of released Ca 2+ , Mg 2+ and Zn 2+ ions upon the thermal denaturation of EGI_swapped and EGI enzymes at 95 • C for 20 min through ICP-OES method. We report the ratio of released ions from EGI_swapped to EGI as~1.0 for Ca 2+ ,~1.1 for both Mg 2+ and Zn 2+ . Hence, these particular differences in the ratio of released Co 2+ and other divalent atoms from EGI_swapped to EGI enzymes,~3.6 and~1.0/~1.1, could be accounted as strong evidence for specificity toward Co 2+ , but not Ca 2+ , Mg 2+ , and Zn 2+ . For Sm 3+ and Gd 3+ ions, there is no proper detector in our ICP-OES instrument. That is why we could not report the amount of released Sm 3+ and Gd 3+ ions from EGI_swapped and EGI enzymes.
There is no set of rules for metal ions' binding to proteins as similar to their binding to inorganic molecules, several constrains should be satisfied for metal ion binding to protein molecules. For instance, the existence of true geometry in the protein structure, the presence of His and Asp/Glu residues in proper geometry, and the overcoming size and shape limitations are several constraints that originate from the proteins' structures [26, 27] . The polarizability, radii of metal ion, and the number of unpaired electrons are other constraints' coming from metal ions' site [26, 27] . Upon the meeting of these constraints both from proteins' and metal ions' sites, the specific metal binding to protein has occurred. In the light of enzyme assay, thermal stability and ICP-OES measurement results, we draw a conclusion that swapping of Ala43-Gly83 region of CBHI to EGI enzyme enabled EGI_swapped enzyme to provide the several constrains mentioned above that are actually lacking in EGI enzyme (see Figures 2 and 3) .
The Change in Secondary Structures Upon Swapping
The altered enzymatic activity and thermal stability results in the swapped enzyme have already pointed out that domain swapping should transform the secondary structure of the EGI significantly. Now we use Circular Dichroism (CD) spectroscopy approach in order to evaluate the possible structural variations of EGI_swapped and EGI enzymes. The temperature sweep of CD spectra between 25 • C and 70 • C reveals distinct conformational and thermal susceptibility between the secondary structure of EGI and EGI_swapped enzymes, see Figure 5a ,b. EGI enzyme shows antiparallel β-sheet features in the spectra region of 210-240 nm with a distinctive peak ca. 215 nm. In contrast, EGI_swapped demonstrates the superposition of an antiparallel β-sheet at ca. 215 nm and α-helix like features at ca. 225 nm [37] . Peculiarly, temperature dependent CD study reveals that the structure of EGI enzyme significantly changes with increasing temperature. Although the maxima of ca. 215 is increased slightly, the structural changes exhibit a significant broadening at ca. 230 nm. These structural changes correlate with the temperature dependent activity assays of EGI enzyme. Increasing temperature induces critical alterations in the secondary structure of EGI enzyme, and prolonged temperature exposures could render the enzyme completely inert as shown in Figure 4a . Unlike to EGI, the EGI_swapped enzyme exhibits subtle changes in temperature sweep. Antiparallel β-sheet dominant CD feature ca. 215 nm does not show changes in increased temperature. Meanwhile, α-helix associated CD absorption at ca. 225 remains highly stable until the temperature of 50 • C then is slightly reduced but remains prominent as it correlates with the temperature dependent activity assays of EGI_swapped, see Figure 4b . Here, we deduce that the temperature-dependent activity variation between EGI and EGI_swapped enzymes originates from the structural changes and confirms that domain swapping has altered the conformation of the enzyme, unequivocally leading to a novel endoglucanase enzyme, EGI_swapped.
Furthermore, we also investigate the changes in secondary structures of EGI and EGI_swapped enzymes upon thermal denaturation, for the duration of an hour at 95 • C. Conforming to the thermal stability profiles (Figure 4 ), EGI_swapped contains a considerable level of its secondary structure while antiparallel β-sheet structures of EGI is drastically degraded (Figure 6 ). Evidently, swapping of the Ala43-Gly83 region of CBHI to EGI enzymes improves the structural integrity and thermal stability significantly ( Figure S10 ). Through Circular Dichroism, the change in structures of EGI and EGI_swapped was carefully traced between 195 nm and 230 nm after 1-h heat denaturation at 95°C and 3-h incubation at room temperature. The CD measurement was performed at room temperature with samples prepared in 20 mM sodium acetate buffer (pH 4.7) that was corrected for the backgrounds. For EGI_swapped, the peaks at 211 nm and 216 nm are indicated.
All results are displayed in mean residue ellipticity ([θ]).
To elucidate the impact of Co 2+ presence on secondary structures enzymes, we track the secondary structure of these enzymes at various Co 2+ concentrations (Figure 7 ). In the case of the EGI enzyme, increasing Co 2+ concentration results in narrowing and the red-shift of the antiparallel β-sheet dominant CD profile. Upon the addition of 0.05 mM Co 2+ , two negative maxima in the CD pattern emerges at a wavelength of 216 nm and 220 nm, as is similar to EGI_swapped but in a narrower range (Figure 7a) . With the addition of higher concentrations of Co 2+ to EGI enzyme, the sharper peaks are observed. The sharpened peaks remain to be linked with the presence of Co 2+ while they are not correlated with the concentration of Co 2+ suggesting nonspecific interactions with Co 2+ . The enzyme assay results performed with various Co 2 ion concentrations (Figure 3a ) and the release of ~2.2 µM Co 2+ ion from the EGI enzyme upon heat denaturation are also verified by these nonspecific interactions. Contrary to EGI, the impact of Co 2+ is more stable and obvious in EGI_swapped. Increasing Co 2+ concentrations exhibit the correlation with a peak intensity ca. 211 nm. The newly formed peak could be interpreted as the higher amount of stable antiparallel β-sheet formation, contributing the improved enzymatic activity and higher thermal stability, as previously showed in Figure 4 . To elucidate the impact of Co 2+ presence on secondary structures enzymes, we track the secondary structure of these enzymes at various Co 2+ concentrations (Figure 7 ). In the case of the EGI enzyme, increasing Co 2+ concentration results in narrowing and the red-shift of the antiparallel β-sheet dominant CD profile. Upon the addition of 0.05 mM Co 2+ , two negative maxima in the CD pattern emerges at a wavelength of 216 nm and 220 nm, as is similar to EGI_swapped but in a narrower range (Figure 7a) . With the addition of higher concentrations of Co 2+ to EGI enzyme, the sharper peaks are observed. The sharpened peaks remain to be linked with the presence of Co 2+ while they are not correlated with the concentration of Co 2+ suggesting nonspecific interactions with Co 2+ . The enzyme assay results performed with various Co 2 ion concentrations (Figure 3a) and the release of~2.2 µM Co 2+ ion from the EGI enzyme upon heat denaturation are also verified by these non-specific interactions. Contrary to EGI, the impact of Co 2+ is more stable and obvious in EGI_swapped. Increasing Co 2+ concentrations exhibit the correlation with a peak intensity ca. 211 nm. The newly formed peak could be interpreted as the higher amount of stable antiparallel β-sheet formation, contributing the improved enzymatic activity and higher thermal stability, as previously showed in Figure 4 . Catalysts 2019, 9, x FOR PEER REVIEW 11 of 18 Through Circular Dichroism, the differences in secondary structures of EGI (a) and EGI_swapped upon Co 
Material & Methods
The construction of EGI_swapped and cloning approach
A foresight for swapped domain between EGI (pdb id: 1EG1) [35] and CBHI (PDB id: 1DY4) [24] was provided with the structural alignment, performed via TM-Align web-server [38] . Based on the structural alignment results, EGI_swapped was constructed, and the finalized nucleotide sequence of the swapped enzyme was synthesized by Microsynth AG ® (Balgach, Switzerland) in the pUC57 plasmid.
To clone this swapped gene into pPICZαA vector, its initial amplification was performed with PCR by using forward (FEGI) and reverse (REGI) primers. The reaction conditions were set to 96 °C for 120 s, 94 °C for 30 s, 55 °C for 30 s, 72 °C for 4 min with 35 cycles and 72 °C for 7 min. After digesting the amplified gene and pPICZαA vector with EcoRI and XbaI restriction enzymes (Thermo Scientific, USA), the rapid ligation kit (Thermo Scientific, Waltham, MA, USA) was used to ligate the digested EGI_swapped gene into the digested sites of a pPICZαA expression vector (Invitrogen, San Diego, Figure 7 . The effects of Co 2+ ion addition on secondary structures of EGI and EGI_swapped enzymes. Through Circular Dichroism, the differences in secondary structures of EGI (a) and EGI_swapped (b) upon Co 2+ ion addition have been captured within 210-220 nm and 215-230 nm, respectively. Protein samples were prepared in 50 mM sodium acetate buffer (pH 4.7) that was corrected for background at room temperature. All results are displayed in mean residue ellipticity ([θ]).
Material & Methods
The Construction of EGI_Swapped and Cloning Approach
To clone this swapped gene into pPICZαA vector, its initial amplification was performed with PCR by using forward (F EGI ) and reverse (R EGI ) primers. The reaction conditions were set to 96 • C for 120 s, 94 • C for 30 s, 55 • C for 30 s, 72 • C for 4 min with 35 cycles and 72 • C for 7 min. After digesting the amplified gene and pPICZαA vector with EcoRI and XbaI restriction enzymes (Thermo Scientific, USA), the rapid ligation kit (Thermo Scientific, Waltham, MA, USA) was used to ligate the digested EGI_swapped gene into the digested sites of a pPICZαA expression vector (Invitrogen, San Diego, CA, USA). Finally, 20 µL of ligation mixture was transformed into Escherichia Coli XL-1 blue cells, cultured on low-salt Luria-Bertani (LB) broth containing 25 µg·mL −1 of Zeocin [16] . The selection of positive colonies from LB plates was done with colony PCR by priming the AOX site of pPICZαA vector and they were isolated with QIAprep miniprep spin kit (QIAGEN). For double verification, these isolated plasmids were subjected to single digestion with EcoRI restriction enzyme. Prior to transformation of selected plasmids to Pichia pastoris cells, they were linearized with SacI to enable its integration to the AOX1 chromosomal locus of P. pastoris KM71H (AOX: ARG4, arg4) (Invitrogen). The competent P. pastoris KM71H cells with slow methanol utilizing phenotype were prepared according to a procedure of Wu and Letchworth [39] . Approximately,~2 µg of linearized plasmid was transformed into KM71H P. pastoris cells by using 1.5 kV charging voltage, 25 F capacitance and 200 Ω resistance. The transformation product was spread onto YPD plates containing 100 µg·mL −1 of Zeocin. After 48 h incubation at 30 • C, the positive ones were also selected with colony PCR from YPD-zeo plates by priming the AOX site of pPICZαA vector. Eventually, they were transferred to YPD Broth medium at 30 • C for 48 h with 250 rpm shakings.
P. pastoris Expression & Purification
Previously, EGI enzyme was cloned into pPICZαA vector and expressed in P.pastoris [40] . By following a similar procedure, EGI and EGI_swapped genes in pPICZαA vector were initially inoculated into 50 mL YPD-Broth medium for 48 h at 30 • C with 250 rpm shaking. As the optical density of cultures was reached to~30 arbitrary units at 600 nm, the cells were collected by centrifugation (4200 rpm for 10 min at 4 • C). The pellets were suspended into expression buffer, containing 100 mM potassium phosphate buffer (pH 6.0), 1.34% Yeast Nitrogen Base (YNB), 4 × 10 −5 % biotin and 2% (v/v) methanol in final. They were expressed at 30 • C for 72 h with 250 rpm shaking by inducing expression cultures with 2% v/v methanol in final, in every 24 h. At the end of the expression, proteins were collected by centrifugation at 4200 rpm for 25 min at 4 • C. After concentration of collected products with Sartocon Micro and Ultrafiltration system with 10 and 100 kDa cutoffs (Sartorius Stedim), they were purified with nickel-coated beads. During binding and elution steps, 20 mM sodium phosphate buffers with 50 mM imidazole and 500 mM imidazole were used.
Gel Electrophoresis
Followed by purification, the presence of swapped enzyme was checked with sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), prepared as 5% (w/v) stacking and 12% (w/v) separation gel. Enzyme samples were boiled at 95 • C for 5 min before loading them to SDS-PAGE. The gel was stained with Coomassie Brillant Blue Dye R-250 (Thermo Scientific, Waltham, MA, USA).
Bioinformatic Analysis of EGI and EGI_Swapped
Several bioinformatics tools were used to indicate changes in EGI enzyme upon swapping. First, the missing parts of EGI, deposited up to Thr371 (PDB id: 1EG1) [35] , were predicted with I-TASSER [41, 42] before performing its structural alignment with CBHI enzyme (PDB id: 1DY4) [24] via TM-Align web-server [38] . For visualization purpose, Visual Molecular Dynamics (VMD) was used [34] . By providing default parameters, the multiple alignments between EGI_swapped and EGI enzymes was performed [43] . The change in molecular weight and PI value of enzyme was predicted via ExPaSy-PI/MW tool [44, 45] .
Enzyme Assays
First of all, the purification buffer of enzymes was exchanged with reaction buffer through Sartocon Micro and Ultrafiltration system with 10 kDa cutoffs (Sartorius Stedim, Göttingen, Germany), and enzyme concentrations were determined via Bradford Assay [46] . The activities of these enzymes were determined by the 3,5-dinitrosalicyclic acid (DNS) against Carboxymethyl Cellulase (CMC) (Megazyme ® , Bray, Ireland) as described by Gusakov et al [47] . The first step was to check the optimal buffer and pH combinations for both. For this purpose, activity tests were performed in 50 mM sodium acetate buffer (pH 4-5) and in 50 mM potassium phosphate buffer (pH 6-7) by narrowing pH ranges as 4, 4.3, 4.7, and 5 for sodium acetate buffer and 6, 6.3, 6.7, and 7 for potassium phosphate buffer. The activities of enzymes were measured against 0.5% w/v CMC, prepared separately for each buffer-pH combination, for 3 h at 50 • C by keeping the amount of enzyme as 20 µg in final.
After determination of optimal pH-buffer combination for enzymes, the following enzyme assays were performed in 50 mM sodium acetate buffer (pH 4.7) for 1 h, 3 h and 6 h at 30-50 • C (/10 • C) against 0.5% w/v CMC. Again, the amount of enzymes was kept as 20 µg in final. Prior to all assays, enzymes and substrate were separately pre-incubated at the designed temperature for 10 min. To terminate the reaction, DNS reagent was added to the reaction mixture that was boiled at 95 • C for 5 min. Upon cooling down the reaction mixture to room temperature, the absorbance of the reduced sugar was measured at a wavelength of 540 nm. The amount of reduced sugar was calculated from standard calibration curve after subtracting A 540 background of enzymes and substrate. To test the reproducibility of data, three samples from two independent protein expression and purification batches of EGI and EGI_swapped enzymes, were taken. Since the reaction volume and the amount of enzyme were kept constant in all reactions, mean values were represented as relative values, obtained by setting the highest value to 100% for calculating the rest, with standard deviations below 10%.
Moreover, the enzyme activity tests were performed with the presence of Co 2+ ions at several final concentrations, 0 mM, 0.05 mM, 0.1 mM, 0.2 mM and 0.5 mM. Two different paths were followed to reveal the impacts of Co 2+ ions on activity; (i) incubating EGI_swapped and EGI enzymes with Co 2+ ions or (ii) incubating 0.5% w/v CMC with Co 2+ ions for 10 min at room temperature just before performing enzymatic assays described by Gusakov et al [47] . As outlined in above, the reaction was terminated by adding DNS reagent to reaction mixture that was further boiled at 95 • C for 5 min. The absorbance of reduced sugar was measured at a wavelength of 540 nm after cooling the reaction mixture to room temperature. Followed by proper subtraction of enzymes' and substrate' absorbance at 540 nm (A 540 ), the amount of reduced sugar was calculated from the calibration curve. Three samples from two independent protein expressions and purification batches were taken to test the reproducibility of data. To follow the impact of Co 2+ ion addition on enzymes' activities, the highest data among all activity test results, e.g., EGI_swapped at 50 • C for 6 h in our case, was taken as 100% to calculate the rest.
Thermal Stability Assay
To delve into the effects of swapping on thermal stability, EGI_swapped and EGI enzymes were initially incubated at 30-70 • C (/10 • C) for 30 min, 60 min and 90 min in 50 mM sodium acetate buffer (pH 4.7) by keeping the amount of enzymes as 20 µg in final. Followed by thermal incubation, they were chilled on ice for 20 min to allow structural recovery. Then, their remaining enzymatic activities were determined by DNS against 0.5% w/v CMC at 30 • C for 1 h in the same way as described above [47] . Similarly, the absorbance of reduced sugar was measured at a wavelength of 540 nm upon cooling of the reaction mixture to room temperature, and the amount of reduced sugar was calculated from standard calibration curve after subtracting A 540 background of enzymes and substrate. To test the reproducibility of data, three samples from two independent expressions and purification batches of swapped and native enzymes were taken. The relative remaining activities were calculated by setting the enzymatic activity value of each enzyme, at 30 • C for 1 h, without any thermal incubation to 100%.
As mentioned above, all enzyme activity and thermal stability tests are performed by the 3,5-Dinitrosalicylic acid (DNS) method against 0.5% w/v CMC as outlined by Gusakov et al [47] . Among all available methods, colorimetric methods are most commonly used for measuring the amount of reduced sugar released during the enzymatic reaction [48] . 3,5-Dinitrosalicylic acid (DNS) is a recently used colorimetric assay [49] . Compared to the Nelson-Somogyi method, it is reported as being faster, less toxic and more convenient compared to the Nelson-Somogyi method [50] . To obtain the realistic results in DNS assay, we aimed to improve the sensitivity and precision of the method, DNS assay for our case as much as possible. For this particular purpose, we initially satisfied it by working on the linearization of enzyme assay with trying different enzyme-substrate combinations, incubation time and temperatures. The reproducibility of our data was also tested before reporting by increasing the number of samples coming from two independent purification and expression batches.
Measurement of Co(II) Ion Concentration in EGI and EGI_Swapped Enzymes
To assess whether suitable environment for Co 2+ ion coordination was successfully integrated into EGI_swapped or not, we performed inductively coupled optical emission spectrometry measurement (ICP-OES) (Vista-Pro Axial; Varian Pty Ltd., Mulgrave, Australia). Followed by expression and purification steps, enzyme samples of 0.5 mg/ml concentration were boiled at 95 • C for 20 min, and the amount of released Co 2+ upon denaturation was detected with an ICP-OES measurement. In addition to the Co 2+ ion, the amount of released Ca 2+ , Mg 2+ and Zn 2+ ions were also measured through ICP-OES method after 20 min of thermal denaturation at 95 • C.
Circular Dichroism (CD) Spectroscopy Measurements
CD spectrums of enzymes were collected by using a J-815 Circular Dichroism Spectropolarimeter (Jasco International Co., Tokyo, Japon) under a N 2 stream purge equipped with a thermostatically controlled cuvette. The measurement was performed with a quartz cuvette (Hellma Analytics, 1.0 mm path length) and the scanning speed was 100 nm/min [51] . Temperature scanning was performed from 25 • C to 70 • C as 5 • C increments. In each temperature, ten scans were averaged to obtain the full spectra of samples prepared in 20 mM of sodium acetate buffer (pH 4.7) that were corrected for the background.
To explore more about the effects of Co 2+ addition on the structures of EGI and EGI_swapped enzymes, Co 2+ ions at various concentrations (0.05 mM, 0.1 mM, 0.2 mM and 0.5 mM) were added to the enzyme samples. Prior to the collection of full spectra, they were incubated for 10 min at room temperature, in 20 mM sodium acetate buffer (pH 4.7). The full spectra of samples were collected at room temperature with scanning speeds as 100 nm/min with ten scans that were averaged to obtain the full spectra of samples.
Further, the effects of thermal incubation on enzymes' structures were investigated with CD spectroscopy measurement after they were subjected to thermal incubation at 95 • C.
Enzymes were subjected to thermal incubation at 95 • C for 1 h and then were incubated at room temperature for 3 h. Again; CD spectra samples were collected as ten averages with scanning speed as 100 nm/min at room temperature. There was no Co 2+ ion addition on enzyme samples that subjected to thermal denaturation.
By using the following equation, the mean residue ellipticity was calculated;
where θ is the observed ellipticity mmDeg, c is the molar concentration, l is the cell length in centimetres.
Conclusions
In this study, we present how swapping is a strong protein-engineering tool in order to create an endoglucanase enzyme, called as EGI_swapped, with novel structural and functional properties. Basically, we aimed to create the favorable environment for providing a Co 2+ ion coordination in the endoglucanase enzyme by swapping the Ala43-Gly83 region of CBHI to EGI.
In the first part of this study, we described the impacts of swapping on enzyme activities with improvements in EGI_swapped. The difference in enzymatic activities of EGI_swapped and EGI become more prominent upon increasing Co 2+ ion concentrations. This particular result could be considered as a strong implication for the existence of Co 2+ ion coordination in EGI_swapped. As being different than EGI, EGI_swapped displays improved thermal stability that becomes more apparent with the extension of reaction time and temperature. Specifically, the EGI_swapped enzyme shows quantifiable activity against CMC while EGI enzyme completely loses its activity after 90 min thermal incubation at 70 • C. ICP-OES measurements suggest that the existence of Co 2+ ion in EGI_swapped is significantly different than EGI; e.g.~3.6-fold stronger Co 2+ ion coordination in EGI_swapped with respect to the EGI enzyme. This particular difference could provide a basis to explain improvements in enzymatic activity and thermal stability of EGI_swapped with respect to its native counterpart.
In the second part of the study, we identify the structural differences in EGI_swapped and native enzymes via Circular Dichroism (CD) spectroscopy. Swapping the Ala43-Gly83 region of CBHI to EGI leads to a transformation of the secondary structure, and results in distinct conformational and thermal susceptibility. In EGI_swapped enzyme, the newly formed peaks are observed upon Co 2+ ion addition via CD spectroscopy. Unlike EGI, the considerable level of secondary structure is reported in CD spectroscopy of EGI_swapped after heat denaturation at 95 • C for 1 h. This result verifies the thermal stability results by indicating that swapping improves the structural integrity of the enzyme and contributes significantly to its thermal stability without disrupting its activity. Indeed, we end up with a novel endoglucanase enzyme with more promising enzymatic and functional properties, in terms of meeting the demands of harsh conditions of industrial applications, compared to its native counterpart.
To the best of our knowledge, this study is the first attempt in literature to alter the functional and structural properties of endoglucanase enzyme from Trichoderma reesei via swapping from cellobiohydrolase I enzyme. The computational and experimental tools of protein-engineering approaches have been perfectly combined to end up with a creation of new endoglucanase enzyme with altered thermal and structural properties. In literature, this study can be considered as the first successful attempt to understand the impacts of divalent metal ion coordination in endoglucanase enzyme from Trichoderma reseei. We believe that this study will be used as a basis and motivation for others, aiming to fulfill the gaps in cellulase research about the structural and functional importance of metal ion coordination.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/130/s1, Figure S1 : The depiction of cellobiohydrolase and endoglucanase mode of action; Figure S2 : The structural alignment results between EGI and CBHI enzymes (a) TM-alignment results between enzymes are displayed. ':' donates aligned residue pairs whose distances are smaller than 5 Å. The aligned region, Ala43-Gly83 (CBHI numbering) is indicated with *. The structural break happened around His189 (EGI numbering) is indicated with **. (b) The structural presentation of alignment results are provided in 'cartoon' format for overall, and 'surf' format just for swapped region. His206 in CBHI and His189 in EGI are drawn in 'licorice' format as yellow and red, respectively. In 'surf' presentation, the end points of swapped domain (Ala43 and Gly 83 as CBHI numbering) are indicated; Figure S3 : The multiple protein alignment results between EGI_swapped and EGI; Figure S4 : The crystal structures of cellobiohydrolase I enzymes. These cellobiohydrolase I enzymes have displayed more than 95% sequence similarity to CBHI (pdb id: 1DY4). These structures are crystallized with metal ions different than Co2+ ion. On the left side, the crystal structures are displayed with metal ions. Structures and metal ions are drawn in 'cartoon' and 'VDW' format, respectively, with Visual Molecular dynamics. The corresponding parts of our swapped region, Ala43-Gly83, in cellobiohydrolase enzymes are displayed by indicating the distances of Ala43 and Gly83 to metal ions. On the right side, the structural alignment results of cellobiohydrolase enzymes, pdb id: 1CEL, 4P1H and 5TC9, with EGI enzyme (pdb id: 1EG1) are displayed by indicating Glu residues involved in metal ions coordination; Figure 
